A number of recent studies have provided evidence that environmental exposures during early life may have profound consequences for the individual's life-course health and aging trajectory. Several studies have also revealed that detrimental outcomes of early-life stresses may be transgenerationally transmitted via non-genomic pathways and thereby can influence the adult health status in subsequent generations. The programming effects of early-life adverse conditions may be mediated by epigenetic mechanisms, including DNA cytosine methylation, histone modifications and several RNA-associated regulatory systems. It is generally assumed that the global resetting of epigenetic marks takes place during gametogenesis and embryogenesis. In several cases, however, the epigenetic marks are not completely erased in germ cells, and transgenerational inheritance of epigenetic information can occur. Recent evidence has shown that several epigenetic marks are likely retained and reproduced in the offspring. The aim of this mini-review is to provide a summary of theoretical models and recent experimental and epidemiological findings that indicate that early-life conditions may program the late-life health status and longevity across generations.
Introduction
During the past years, research on the biological basis of human aging and longevity has been in the spotlight [1] . Traditionally, gerontological research has tended to focus on adult lifestyle as the main determinant of aging rate and longevity. However, available data from clinical, experimental and epidemiological studies suggest that chronic diseases may have their origin during early life. The developmental plasticity that is inherent to all living beings in early life makes it possible that the same genotype may give rise to different phenotypes depending on early-life environmental conditions [2] . In humans, it has been found that prenatal and early postnatal factors such as maternal nutritional status, smoking, socioeconomic status, infections, and season of birth may influence the subsequent development of age-related diseases, including metabolic and cardio-vascular disorders and cancer as well as offspring life expectancy (for reviews, see [3, 4] ). Environmentally-induced responses to adverse conditions can change the expression profiles of many developmentally important genes, thus affecting fetal growth and development [5] . Such developmental non-genomic 'tuning' of phenotype may be advantageous as it attempts to match an organism's responses to environmental conditions that are likely to prevail during the life-course [6] . However, a mismatch between predicted and actual life-course conditions could be a cause of disease and life shortening [7] . These assumptions form the core of the developmental origins of adult health and disease (DOHaD) concept, which suggests that fetal adaptations in response to adverse intrauterine conditions may increase the risk for childhood and adulthood disease [6] [7] [8] .
Early-life exposures acting in utero and in childhood may have profound consequences for the individual's life-course health and aging trajectory [9, 10] . For example, poor nutrition in utero can increase the risk of age-related disorders and reduce life expectancy [11] . Such persistent effects of early-life adverse conditions may be mediated by epigenetic mechanisms.
Epigenetics can be defined as the study of mitotically and/or meiotically heritable changes in gene expression and phenotype that are not caused by changes in the underlying DNA sequence.
The main epigenetic mechanisms include DNA cytosine methylation, histone modifications and several RNA-associated regulatory systems [6, 7, 12] . In mammals, epigenetic marks are transmitted via non-genomic transgenerational pathways and thereby can influence adult health in subsequent generations [18, 21] . There is also limited evidence for the possibility of transgenerational programming effects in humans. In utero exposure to the Dutch famine of 1944-45 has been found to be associated with increased neonatal adiposity. The offspring of women who were exposed to famine in utero also had poor health outcomes in later life 1.8 times more frequently than the offspring of unexposed women [22] . In a more recent study, Veenendaal et al. [23] showed that the offspring of prenatally undernourished fathers, but not mothers, were 5 kg heavier and more obese than the offspring of parents who had not been undernourished prenatally. In a study by Alwasel et al. [24] , babies whose mothers had been in utero during Ramadan (the month in which Muslims fast daily until sunset), were smaller and thinner, and had smaller placentas (i.e., a set of characteristics known to be an early-life predictor of late-life cardiometabolic pathology) than those whose mothers had not been in utero during Ramadan.
Several studies also suggest the role of epigenetic modifications in the parental and grandparental generations in familial cancer risk [25] . It has been also reported that a lower risk of cardiovascular death in offspring is associated with both the father's poor food supply and the mother's good food supply, and diabetes mortality was increased 4-fold if the paternal grandfather was exposed to an excess of food during the slow growth period [27] . Several other studies have subsequently found transgenerational associations between food supply in early life of the paternal grandparents and the grandchild's life span, including associations with risk of cardiovascular and diabetic deaths [28] [29] [30] . The transmission of this risk was been shown to be gender-specific: nutrient availability in paternal grandmothers influenced granddaughters' mortality risk, whereas food supply in paternal grandfathers was associated with grandsons' mortality risk [28, 29] . In the study by Modin et al. [31] , the impact of illegitimacy across three generations has been shown.
Specifically, both men and women born outside wedlock in early twentieth century Sweden were at an increased risk of adult mortality. Men were also significantly less likely to reach their 80th birthday compared to those who were born in wedlock. These effects were transmitted to their children and grandchildren, potentially influencing longevity and mortality risk in these generations. Non-dietary factors such as environmental toxins also have been shown to cause persistent transgenerational effects on human health. Thus, women whose maternal grandmothers were treated during early pregnancy known to be established during early developmental stages and remain relatively unchanged during ontogenesis [12] . There is, however, evidence that epigenetic modifications may occur over the whole individual's life-course. Global DNA demethylation during aging has been documented in many vertebrate tissues [13, 14] .
Such age-related demethylation can cause genomic instability 
Concluding remarks
The possibility of transgenerational persistence of epigenetic modifications is still a controversial topic. It is generally assumed that the global resetting of epigenetic marks takes place in gametogenesis and embryogenesis. It has been observed, however, that in several cases the epigenetic marks are not completely erased in germ cells, and transgenerational with diethylstilbestrol (a synthetic non-steroidal estrogen that was used to prevent miscarriage and other pregnancy complications between 1938 and 1971, but resulted in severely detrimental and persistent side effects), had an increased risk of developing ovarian cancer [32] . These are, however, only preliminary observations as statistical power is limited by the small sample size in the study. A summary of studies describing transgenerational programming effects of early-life adverse conditions on human adult health and longevity is shown in Table 1 .
Epigenetic mechanisms of transgenerational inheritance
The programming responses to environmental cues typically disappear in 3-4 generations [33] suggesting that such effects are not caused by changes in DNA sequence but are instead determined by environmentally-induced epigenetic changes.
Some of the epigenetic variations such as epigenetic marks in DNA methylation, histone modifications, and non-histone binding proteins are carried on nuclear chromosomes, some have both nuclear and cytoplasmic components (regulatory small RNAs) while others are transmitted through the cytoplasm (e.g., prions and self-sustaining metabolic loops) [34] .
Although the epigenome of both the male and female germline is reset during gametogenesis (in mammals, for example, most DNA methylation and histone marks are erased), such erasure is not total. Certain epigenetic marks can likely be retained or reconstructed in the offspring, and persist over generations [35] . Several heritable epigenetic variations may have phenotypic effects and some of those effects are adaptive. As a consequence, the accumulation and decay dynamics of epigenetic states over several generations may have important effects on the response of individuals and populations to changed conditions [34] .
Recently, Brunet and colleagues found convincing evidence supporting epigenetic inheritance of longevity by studying the nematode worm Caenorhabditis elegans [36] . In this study it has been shown that some histone modifications, namely, changes in the histone H3 lysine 4 trimethylation (H3K4me3) complex in a parental generation can affect the life span in subsequent • What is the relative importance of soft (non-genetic) inheritance compared to hard (genetic) inheritance?
• Are most of the transgenerationally inherited modifications deleterious or adaptive?
• How many generations might be affected?
• Do epigenetic modifications affect genetic inheritance across generations?
• Why are the transgenerational effects 'diluted' through generations?
• How can the systemic (whole-organism) signals from somatic cells be transmitted to the germline and modify them in a specific way?
• Are the mechanisms underlying transgenerational epigenetic inheritance the same among species?
